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FCS diffusion lawThe organization of the plasma membrane is regulated by the dynamic equilibrium between the liquid ordered
(Lo) and liquid disordered (Ld) phases. The abundance of the Lo phase is assumed to be a consequence of the
interaction between cholesterol and the other lipids, which are otherwise in either the Ld or gel (So) phase.
The characteristic lipid packing in these phases results in signiﬁcant differences in their respective lateral dynam-
ics. In this study, imaging total internal reﬂection ﬂuorescence correlation spectroscopy (ITIR-FCS) is applied to
monitor the diffusion within supported lipid bilayers (SLBs) as functions of temperature and composition. We
show that the temperature dependence of membrane lateral diffusion, which is parameterized by the Arrhenius
activation energy (EArr), can resolve the sub-resolution phase behavior of lipidmixtures. The FCS diffusion law, a
novel membrane heterogeneity ruler implemented in ITIR-FCS, is applied to show that the domains in the So–Ld
phase are static and large while they are small and dynamic in the Lo–Ld phase. Diffusionmeasurements and the
subsequent FCS diffusion law analyses at different temperatures show that themodulation inmembrane dynam-
ics at high temperature (313 K) is a cumulative effect of domain melting and rigidity relaxation. Finally, we
extend these studies to the plasma membranes of commonly used neuroblastoma, HeLa and ﬁbroblast cells.
The temperature dependence of membrane dynamics for neuroblastoma cells is signiﬁcantly different from
that of HeLa or ﬁbroblast cells as the different cell types exhibit a high level of compositional heterogeneity.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The plasma membrane is a semipermeable boundary which sepa-
rates the interior and exterior of the cell. The basic building block of
the plasmamembrane is a lipid bilayer where a number of other biomol-
ecules including different proteins, and carbohydrates are embedded
in an organizedmanner. A widely acceptedmodel for membrane organi-
zation is the ‘lipid raft’ hypothesis which states that the plasma mem-
brane is an inhomogeneous ﬂuid where small nano-sized (20–100 nm)
domains, the so-called rafts that are enriched in cholesterol and
sphingolipids, are phase segregated from the surrounding phospholipid
dominated ﬂuid matrix [1–5]. These two phases are the liquid ordered
phase (Lo) and the liquid disordered phase (Ld), respectively [6,7]. Certainopy; ITIR-FCS, imaging total in-
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ights reserved.kinds of membrane proteins, for example glycosylphosphatidylinositol
(GPI) anchored proteins, are known to partition preferentially into rafts
[5,8]. Lipid rafts are crucial to regulating important cellular processes in-
cluding signal transduction, membrane trafﬁcking, and pathogen entry
[9–17].
The vast diversity of the lipids in the plasma membrane can be
broadly categorized into three classes: low melting unsaturated acyl
chain lipids, high melting saturated acyl chain lipids and cholesterol.
The melting temperature (Tm) is deﬁned as the temperature at which
the hexagonal closed packed solid ordered or gel phase (So) transforms
into a random array of liquid disordered or ﬂuid phase (Ld) through
trans-gauche isomerization of the acyl chain [18]. A ripple phase (Pβ)
can also exist for some lipids at much lower temperature than Tm [19].
The So phase is very compact, ordered and almost immobile while the
Ld phase is less rigid, disordered and mobile. The Lo phase does not
exist in the thermodynamic phase diagram of single component lipids.
However, it is induced when cholesterol is mixed to either gel or ﬂuid
lipids.When cholesterol is mixedwith gel lipids, it ‘ﬂuidizes’ the system
by disrupting the long-range (global) order. On the other hand, it ‘con-
denses’ the ﬂuid lipids by inducing short-range (local) order [20]. This
new phase which has intermediate order and ﬂuidity is called the Lo
phase. The formation of the Lo phase depends on temperature and on
the molar ratio of the lipid/cholesterol mixture.
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which stems from their differences in physical properties. The lateral
mobility is essential to control membrane structure and function. The
coexistence of the phases gives rise to intriguing diffusion features
that depend on a range of physical properties including area per lipid,
lipid expansivity, domain size and dynamics, and line tension. Thus
diffusion measurements are good means to probe plasma membrane
heterogeneity. The universal Stokes–Einstein model for 3D diffusion
cannot be extrapolated to 2D systems to describe membrane diffusion
(Stokes' Paradox) [21]. The best approximation was proposed by
Saffman and Delbrück who considered the viscosity surrounding the
lipid sheet as one of themediators of the diffusion and treated the prob-
lemwith 3D continuumhydrodynamic theory [22]. Recent studies have
shown that the Saffman–Delbrück model is valid for proteins with a
hydrodynamic radius of ≤8 nm [23–25]. For proteins with a hydrody-
namic radius of more than 10 nm a Stokes–Einstein-like model, as
proposed by Gambin et al. [26], describes the data better [27]. Although
these models can describe the diffusion of proteins in the membrane,
they fail to explain lipid diffusion since the latter is signiﬁcantly affected
by the inherent viscosity of the membrane, diffusants' size, and the tilt
angle with respect to the bilayer normal. A more convenient model for
lipid diffusion is the semi-quantitative ‘free area model’ [28]. This
model is a direct extrapolation of the 3D free volumemodel for diffusion
in a gas. According to this model, diffusion occurs in the following three
steps. First, a transient void is created in the lipid matrix by thermal
density ﬂuctuations. Second, one of the surrounding lipids hops into
the void which has to be larger than a certain critical size. The third
step is the repletion of the void created by the second lipid by other
surrounding lipids. Note that this model represents diffusion as a func-
tion of free area (void) instead of viscosity. Since the model is derived
from the kinetic theory of gases, it has a weak dependence on tempera-
ture and no activation energy is implied in lipid hopping. However, lipid
hoppingmust be an activated process due to the van derWaals' interac-
tions with the surrounding lipids. Thus a more generalized approach,
the so-calledMacedo–Litovitz hybridmodel, was proposed by including
an activation energy (EA) term [29,30]. EA accounts for the energy barri-
er the lipids have to overcome for hopping to their new locations
assuming both the states before and after hopping are in equilibrium.
It also incorporates the viscous drag due to the opposite monolayers,
the effect of the surrounding ﬂuid or surface, and the energy required
to create a void. Since both the hopping frequency and the density ﬂuc-
tuations are temperature dependent, diffusion is a thermally activated
process. Thermally activated processes in reaction kinetics with the
initial and ﬁnal states at equilibrium are described by the Arrhenius
equation. The effective activation energy (EArr) term in the Arrhenius
equation is interpreted in a very similar fashion to that of EA in the
free area model. Computation of EA from EArr has been done with the
knowledge of free area and the cross-sectional area of the lipid under
question, which shows that the temperature dependence of lateral
diffusion in membranes can be successfully explained by the free area
theory [31,32]. The degree of lipid packing (van der Waals' interac-
tions), which is one of the major determinants of the membrane
phase, is directly related to the availability of free area for diffusion.
Thus the temperature dependence of diffusion can provide direct
evidence of the membrane phase behavior.
Fluorescence correlation spectroscopy (FCS) is a widely used tech-
nique to study membrane dynamics at the single molecule level
[33–35]. Here we used camera-based imaging total internal reﬂection
ﬂuorescence correlation spectroscopy (ITIR-FCS) tomeasuremembrane
diffusion [36]. ITIR-FCS possesses a number of important advantages
over conventional single spot FCS. This calibration-free technique al-
lows parallel measurements of diffusion coefﬁcients at every diffraction
limited spot over a large membrane area (in this study, 5 × 5 μm2)
[37,38]. Moreover, TIR illumination signiﬁcantly reduces background
arising from the bulk since onlymolecules close to the surface are excit-
ed. In this article, we show the temperature dependence of diffusion inone, two and three component glass-supported lipid bilayer (SLB)
model systems and the corresponding EArr values are calculated from
the Arrhenius equation. We show that each phase has a characteristic
EArr value. A phase change is directly indicated by a change in the mag-
nitude of EArr. We also show that the spontaneous phase reorganization
upon external perturbations, e.g. cholesterol extraction, can be detected
from the change of EArr. FCS diffusion law analysis [38,39] is performed
to observe the sub-resolution detail of membrane diffusion which is
effectively mediated by lateral membrane organization. It shows that
the size and dynamics of the domains are quite different for So–Ld and
Lo–Ld phases. Finally, we extend our study to the plasma membrane of
three commonly used live cells; namely HeLa, neuroblastoma (SH-
SY5Y), and ﬁbroblast (WI-38) cells.
2. Materials and methods
2.1. Lipids and dyes
The lipids used are 1,2-dioleoyl-sn-glycero-3-phophocholine (DOPC),
1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and cholesterol (Chol). Head group labeled
rhodamine dye 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (RhoPE) was used
as the ﬂuorophore. All lipids and dyes were purchased from Avanti
Polar Lipids (Alabaster, AL). Lipid and dye stock solutionswere prepared
in chloroform. Methyl-β-cyclodextrin (mβCD) was purchased from
Sigma-Aldrich (Singapore). The stock solution of mβCD was prepared
in buffer containing 10 mM HEPES and 150 mM NaCl (pH 7.4). DiI-
C18 (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per-
chlorate, C18) was bought from Invitrogen (Singapore). The stock
DiI solution was prepared in dimethyl sulfoxide (DMSO) and the
concentration of the stock was calculated from the absorbance mea-
surement in UV–Visible spectrometer (NanoDrop, Thermo Scientiﬁc,
Singapore) assuming the molar extinction coefﬁcient (ε) equals to
144,000.
2.2. Preparation of supported lipid bilayer (SLB)
Supported lipid bilayers (SLBs) were prepared by the vesicle fusion
method [38,40]. In brief, calculated amounts of lipid(s) and RhoPE dye
solutions were ﬁrst mixed in a cleaned round bottomed ﬂask and left
in the rotary evaporator (Rotavap R-210, Buchi, Switzerland) to evapo-
rate the solvent for at least 3 h. The thin lipid ﬁlm left behind was then
resuspended in 2 mL buffer containing 10 mM HEPES and 150 mM
NaCl (pH 7.4). The milky lipid suspension was sonicated in a bath
sonicator (FB15051 Model, Fisher Scientiﬁc, Singapore) until a clear
solution was obtained, thereby forming large unilamellar vesicles. The
vesicle solution was then stored at 4 °C if not used immediately. Before
measurements are to be taken, the vesicle solution was ﬁrst sonicated
for 10 min and then 200 μL of it was placed on a cleaned cover glass
(24 × 50−1, Fisher Brand Microscope cover glass, Fisher Scientiﬁc,
Singapore) containing 200 μL of the same buffer. The deposited vesicles
were incubated at 65 °C for 20 min followed by cooling at room tem-
perature for another 20 min. Unfused vesicles were then removed by
washing with 200 μL of the buffer for at least 50 times. In the case of
cholesterol depletion experiments, an mβCD solution was incubated
with the sample for 30 min on the microscope stage to a ﬁnal concen-
tration of 2 mM and washed 5 times with buffer.
The cover glasses were cleaned as follows. They were ﬁrst sonicated
in a bath sonicator (FB15051 Model, Fisher Scientiﬁc, Singapore) with
10× diluted detergent (Hellmanex III, Hellma Analytics, Singapore) for
30 min. This was followed by rigorous washing with deioninzed (DI)
water (resistivity 18.2 MΩ·cm). The cover glasses were then subjected
to another sonication step for 30 minwith 2 M sulfuric acid followed by
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for 30 min. The cleaned cover glasses were stored in technical ethanol.
2.3. Cell culture, DiI staining, and GPI transfection
The cell lines used are HeLa, neuroblastoma (SH-SY5Y), and ﬁbro-
blast (WI-38) cells. Adherent cellswere cultivated inDMEM(Dulbecco's
Modiﬁed Eagle Medium; Invitrogen) medium, supplemented with 10%
FBS (fetal bovine serum; Invitrogen) and 1% PS (penicillin, and strepto-
mycin) at 37 °C in 5% (v/v) CO2 humidiﬁed environment. For DiI stain-
ing solution, the stockDiI solutionwas diluted to aﬁnal concentration of
50 nM with phenol red free DMEM medium. The culture medium
(DMEM, 10% FBS and 1% PS) was ﬁrst removed from the cover dish
(Chamber mounted on #1.0 borosilicate cover glass with cover,
8 units, Nunc) which was seeded with cells beforehand. The 50 nM
DiI solution was then added into the cover dish and incubated at 37 °C
for 30 min. After 30 min, the cover dish was then rinsed with phenol
red free medium (DMEM and 10% FBS) twice before adding the phenol
red freemedium into the cover dish for imaging. GFP–GPI plasmidwas a
kind gift from John Dangerﬁeld, Anovasia Pte Ltd, Singapore. GFP–GPI
was transfected using Neon™ Transfection System from Invitrogen
(Singapore). HeLa cells were plated and transfected in glass covered
dishes (35 mm Petri dish, 14 mm Microwell, No. 1.0 cover glass
(0.13–0.16 mm), MatTek Corporation, US). The transfections were per-
formed 20–24 h before measurements. After transfection, cells were
grown in the cell culturemedium (DMEMand 10% FBS). Before imaging,
the cells were washed twice with phenol red free medium (DMEM and
10% FBS) and measured in phenol red free medium (DMEM and 10%
FBS).
2.4. Camera-based FCS data acquisition and analysis
The instrumental setup was constructed with an inverted epi-
ﬂuorescence microscope (IX-71, Olympus, Singapore) and a high NA
oil immersion objective (PlanApo 100×/1.45, Olympus, Singapore).
For illumination, 532 nm (Cobolt Samba, Sweden; for RhoPE and DiI
measurements), and 488 nm (Spectra-Physics Lasers, Mountain View,
CA, USA; for GFP–GPImeasurements) lasers were used. Through a com-
bination of two tilting angle mirrors and a single-mode ﬁber, a laser
beam was introduced into the microscope. The incident beam was
then focused by the lenses onto the back focal plane of the objective
after reﬂection by a dichroic mirror (495LP and Z488/532RPC for
488 nm and 532 nm excitations respectively). The objective immersion
medium used was mineral oil (refractive index 1.516 at 23 °C, Olym-
pus). Using a combination of tilting mirrors, total internal reﬂection
(TIR) was obtained. The sample signal was passed through the same
objective and dichroic mirror. The signal was ﬁltered by emission ﬁlters
(495LP and Z488/532M for 488 nm and 532 nm excitations respective-
ly) before imaging on the camera chip. A back-illuminated EMCCD
(electron multiplying charge coupled device) camera (Andor iXON
860, 128 × 128 pixels, Andor Technology, US) which was mounted on
the side port of the microscope was used for imaging. The image acqui-
sition software was Andor SOLIS for imaging (version 4.18.30004.0). In
general, a stack of 50,000 frames was taken from a selected ROI (region
of interest) of 21 × 21 pixels with 1 ms (for RhoPE and DiI experi-
ments) or 4 ms (for GFP–GPI experiments) acquisition time per frame
(Δτ) and 10 MHz read-out speed per pixel. The Δτ is the summation
of integration time (exposure time) and frame transfer time of the cam-
era. The frame transfer time of the camera for 21 × 21 pixels ROI is
0.26 ms. Thus the integration times were 0.74 ms (for RhoPE and DiI
experiments) or 3.74 ms (GFP–GPI experiments). The data was stored
as 16-bit Tiff ﬁles. Intensity values obtained for each pixel were then
temporally correlated using the ‘ImFCS’ — an Igor Pro (Wavemetrics,
Lake Oswego, OR) based home-written software [available at http://
staff.science.nus.edu.sg/~chmwt/ImFCS.html] to calculate the autocor-
relation functions (ACFs) from individual pixels [41]. Through thesame software, ACFs were analyzed with a suitable mathematical
model (Eq. (1)) to calculate the diffusion coefﬁcient (D) and number
of particles (N).
G τð Þ ¼ 1
N
erf kð Þ þ 1
k
ﬃﬃﬃ
π
p e−k
2
−1
  2
þ G∞;k ¼
a
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dτ þ σ2
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whereG(τ) is the ACF as a function of correlation time (τ),N is the num-
ber of particles per pixel, a is the pixel side length, D is the diffusion
coefﬁcient, σ is the standard deviation of the Gaussian approximation
of the microscope point spread function (PSF), G∞ is the convergence
of G(τ) at long correlation times. A set of representative ACFs obtained
from SLBs and plasma membranes and the corresponding ﬁts are
given in Supplementary materials (Fig. S1).
The imaging conditions (instrumental parameters and ﬂuorophore
physical properties, for example, brightness and photostability) used
in all the experiments in this article were in accordance with the proto-
col presented recently [42]. The main parameters required to optimize
for an imaging FCS measurement are acquisition time per frame (Δτ),
number of frames (n), and total acquisition time (Taq). Note that Taq is
related to Δτ and n as: Taq = Δτ × n. These parameters should meet
the following conditions for accurate and precise results. 1) Number of
frames (n) should by at least 10,000 for accurate estimation of D. How-
ever, precision increases if more number of frames are collected. 2) Δτ
must be at least 10 times smaller than the diffusion time (τd) across
the observation area of the sample under study. For instance, typical
τd of a DOPC SLB at 298 K is about 45 ms. Therefore, the camera should
be operated with acquisition time per frame 4.5 ms or less. 3) Total
acquisition time (Taq) must be 100 times larger than the τd. Since Taq
is related to Δτ and n which must be at least 10,000 for accurate mea-
surements, one should use the following condition for the optimal Taq:
Taq≥max 100τd;10;000Δτð Þ: ð2Þ
The upper limit of Taq is determined by the photostability of the
ﬂuorophore. Therefore, one should choose n and Δτ such that Taq sat-
isﬁes Eq. (2) and the sample does not photobleach during acquisition.
2.5. FCS diffusion law
The FCS diffusion law describes the dependence of the transition
time (τd) of a particle through an observation area on the size of the
area (Aeff) [39,43]. The observation area (Aeff) in ITIR-FCS is given by
the convolution of the detection area (pixel area, A = a2) with the PSF
(i.e., Aeff = A ⊗ PSF) and this deﬁnes the actual membrane area over
which particles are observed [42]. For Brownian free diffusion the diffu-
sion coefﬁcient (D) is invariant over the observation area and thus τd
linearly converges to 0 for Aeff→ 0.However if themembrane is not ho-
mogeneous, D can vary with position (for example, hindered diffusion
by domains). In this case, τd depends on Aeff as follows for all Aeff values
larger than the size of the inhomogeneities (e.g. domains):
τd Aeffð Þ ¼ τ0 þ
Aeff
D
: ð3Þ
Here τ0 is the y-intercept and takes zero and non-zero values for free
and hindered diffusion, respectively. Positive and negative τ0 values
correspond to hindered diffusion due to microdomains in which the
probe can partition, or to barriers of the cytoskeleton meshwork, re-
spectively [39]. In ITIR-FCS, various observation areas are created by
pixel binningpost-acquisition, i.e. the grouping of single pixels into larg-
er areas by summing their values [38,42]. For n × n binning the observa-
tion area is An, eff = (n × a)2 ⊗ PSF. This eliminates the requirement of
multiple measurements at different sizes of observation areas, which is
technically demanding.
805N. Bag et al. / Biochimica et Biophysica Acta 1838 (2014) 802–8132.6. Temperature dependence study and Arrhenius equation
For temperature dependence measurements (between 298–313 K
for SLBs and 298–310 K for plasma membrane), an incubator (Live
Cell Instrument, CU-109, Zeiss, Singapore) and a CO2/Air gas chamber
(Live Cell Instrument, FC-5, Zeiss, Singapore) for cell measurements,
which can be ﬁtted on the stage of the TIRF microscope, were used. In
the study, measurements at four different temperatures were done
and an equilibration time of 1 h was allowed between temperature
changes before measurements were taken. For each temperature, 5–
10 measurements (for SLBs) or 3 measurements (for cells) per sample
were taken. The experiments were repeated for at least three samples
and the diffusion coefﬁcients at the different temperatures were aver-
aged over the number of repeat experiments conducted. The tempera-
ture dependence follows the Arrhenius dependence as shown in
Eq. (4). The Arrhenius plot is obtained, through the use of Eq. (5), by
plotting ln(D) against 1/T and EArr is obtained from the slope of the
graph.
D ¼ D0e−
EArr
RT ð4Þ
ln Dð Þ ¼ ln D0ð Þ−
EArr
RT
ð5Þ
whereD is the diffusion coefﬁcient [m2/s],D0 is the pre-exponential fac-
tor [m2/s], T is the absolute temperature [K], EArr is the activation energy
[J/mol] and R is the molar gas constant.
3. Results and discussions
The temperature dependence of the RhoPE labeled SLBs containing
single and multiple lipids, and the plasma membrane of different cells
will be discussed in the following sub-sections. We refer to the SLBs
as follows: single component bilayer (F), two component bilayer-26.9
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3.1. Temperature dependence of supported lipid bilayer (SLB) diffusion
3.1.1. Single component bilayers (F)
DLPC (Tm = 272 K) andDOPC (Tm = 253 K) remain in the Ld phase
at the experimental temperature regime (298 K–313 K). The D of
both bilayers labeled with RhoPE increases about 50% from 298 K
to 313 K revealing a similar temperature dependence (For DLPC:
D (298 K) = 2.37 ± 0.78 μm2/s and D (313 K) = 3.51 ± 0.98 μm2/s
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3.40 ± 1.20 μm2/s) (Figs. 1A and C, and 2A; and Table 1). The D values
reported here are obtained from a large number of experimental auto-
correlation functions (NACF column in Tables 1 and 2) measured over a
number of independent experiments. The standard deviation (SD) of D
provides the heterogeneity of the samples across different preparations.
The p-value (calculated by a two-tailed unpaired t-test) obtained be-
tween two independentmeasurements of a given bilayer at a given tem-
perature is N0.7 while that for two different bilayers are ≪0.00001
showing good reproducibility between same bilayer and distinguish-
ability between different bilayers. The standard error of the mean
(SEM) of D is less than 1% in all cases. The EArr values for DLPC
and DOPC SLBs are quite similar ranging between 17 and 20 kJ/mol
(Table 1). These values fall in the regime of the free energies of the com-
monly observed intermolecular interactions in biological systems. For
reference, the free energy of hydrogen bonding is 12–20 kJ/mol at
310 K. The EArr values are also quite similar to those of previous reports
(16–33 kJ/mol) obtained from ﬂuorescence methods or simulation
[44,45]. This regime is slightly smaller compared to the ones from
NMR studies (28–40 kJ/mol) [31]. However, the ratio of EArr values of
different phases obtained here is quite comparable to that of NMR stud-
ies as will be discussed in the next sections. In ﬂuid bilayers, the lipids
have to overcome only minimal van der Waals' interactions impeded-29
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Addition of cholesterol monotonically decreases the diffusion coefﬁcient of DOPC bilayers. Cholesterol removal by mβCD from DOPC:Chol bilayers retrieves back the diffusion of DOPC
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is only shown for DOPC + mβCDdata and the errors of all other data points are some similar percentage to their respective averages. Therefore, addition of cholesterol induces some short
range order to modulate diffusion coefﬁcient without generating a new phase. C) The EArr values are almost the same for DOPC and DOPC:Chol bilayers and do not alter on cholesterol
removal from DOPC:Chol bilayers (~17–20 kJ/mol) supporting the existence of a single ﬂuid phase in all bilayers. DMPC bilayers show higher EArr compared to DOPC bilayers.
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these bilayers shows only little temperature dependence.
RhoPE labeled DMPC bilayers (Tm = 296 K) shows two phases
within the working temperature range (292–313 K). The data in
Table 1 corresponds to temperatures above Tm. The phase transition
can be clearly observed in Fig. 1B. The mobility jumped signiﬁcantly
once the Tm is crossed. This is more obvious in the Arrhenius plot
shown in Fig. 1D. The inﬂection point (open circle) corresponds to the
Tm. The difference in the slope directly shows the strong (right part)
and weak (left part) temperature dependences for So and Ld phases
respectively. The EArr (calculated for the temperatures above Tm)
is much higher (27.10 ± 6.30 kJ/mol) than that of DLPC or DOPC
(Table 1). This is because the measurement temperature range is very
close to the Tm for DMPC. At this temperature regime the cross sectional
area of DMPC is smaller than that of DLPC or DOPC revealingmore struc-
tural compactness of the former [46]. This is evident in the diffusion
coefﬁcient of DMPC at 298 K, which is almost half compared to that of
DLPC or DOPC at the same temperature. However as temperature
rises, the difference in cross sectional area gradually drops and almost
vanishes at 333 K [46]. The thermal area expansivity of DMPC at a
given temperature within the working range is also higher than that
of DLPC or DOPC [46]. For example, the thermal area expansivities of
DMPC and DLPC are 0.0032 K−1 and 0.0028 K−1, respectively, at
303 K. Since the cross sectional area of DMPC in the ﬂuid phase in-
creases much faster compared to that of DOPC or DLPC, a stronger tem-
perature dependence of the former is expected. This is shown in the
inset of the Fig. 1D and Table 1.3.1.2. Two component bilayers containing ﬂuid lipid and cholesterol (FC)
In this category, cholesterol is added to DOPC bilayers and the tem-
perature dependence of diffusion ismeasured as a function of cholester-
ol content in the bilayer. Cholesterol is known to induce short range
order in ﬂuid bilayers which renders the bilayer more rigid. This short
range ordering effect is observed in the diminution of the diffusion coef-
ﬁcientwhen cholesterol is added to an otherwise disordered DOPC ﬂuid
bilayer (Fig. 2A and Table 1). The drop inD is proportional to the choles-
terol content in the bilayers, supporting membrane ordering (form
2.46 ± 0.90 μm2/s to 1.05 ± 0.40 μm2/s for 33 mol% of cholesterol at
298 K). This monotonic decrease of D agrees with NMR measurements
[31] and the calculations based on the ‘free area theory’ [32]. However,
this ordering is not sufﬁcient to alter the membrane to a liquid ordered
phase since EArr (17–20 kJ/mol) hardly changes with cholesterol
(Fig. 2B and C; and Table 1).
3.1.3. Two component bilayers containing ﬂuid and gel lipids (FG)
This group of bilayers contains both gel and ﬂuid lipids and is
RhoPE labeled. The transition temperatures of the ﬂuid lipids (Tm
(ﬂuid) = 272 K and 253 K for DLPC and DOPC respectively) are
smaller than the experimental temperatures used while the transi-
tion temperature of the gel lipid (Tm (gel) = 314 K for DPPC) is larg-
er than the experimental temperature used. The mixed bilayers
show ~2.4 times lower D compared to single component ﬂuid ones
at 298 K (Table 1). For example, when 50 mol% of DPPC
(Tm = 314 K) is added to DOPC (Tm = 253 K) lipids, D changes
from 2.46 ± 0.90 μm2/s to 1.02 ± 0.50 μm2/s at 298 K (Table 1).
Table 1
The temperature dependence of diffusion coefﬁcient of the RhoPE labeled supported lipid bilayers (SLBs).DT K is the diffusion coefﬁcient at T Kelvin. EArr is the Arrhenius activation energy
barrier, and NACF is the number of autocorrelation functions analyzed to obtain mean and standard deviation of D at a given temperature.
Bilayers D298 K [μm2/s] D303 K [μm2/s] D308 K [μm2/s] D313 K [μm2/s] EArr [kJ/mol] Phase NACF at a given temperature
DLPC 2.37 ± 0.78 3.02 ± 0.91 3.25 ± 0.99 3.51 ± 0.98 19.53 ± 3.33 Ld 7938
DMPC 1.38 ± 0.45 1.91 ± 0.60 1.99 ± 0.72 2.27 ± 0.89 27.10 ± 6.30 So at b296 K
Ld at N296 K
7938
DOPC 2.46 ± 0.90 2.77 ± 0.90 3.07 ± 1.30 3.40 ± 1.20 17.66 ± 3.10 Ld 15,213
DOPC:DPPC 1.02 ± 0.50 1.88 ± 0.80 2.69 ± 0.90 3.09 ± 1.10 57.75 ± 11.70 So–Ld 25,797
DLPC:DPPC 0.78 ± 0.43 1.63 ± 0.59 2.05 ± 0.70 2.39 ± 0.67 55.46 ± 12.89 So–Ld 15,876
DOPC:Chol (10:2) 1.44 ± 0.59 1.58 ± 0.70 1.79 ± 0.71 2.12 ± 0.81 17.04 ± 1.36 Ld 15,213
DOPC:Chol (10:3) 1.15 ± 0.50 1.44 ± 0.60 1.55 ± 0.60 1.66 ± 0.70 18.53 ± 5.90 Ld 27,120
DOPC:Chol (2:1) 1.05 ± 0.40 1.26 ± 0.60 1.41 ± 0.70 1.56 ± 0.70 19.12 ± 3.30 Ld 23,814
DOPC:Chol (2:1) + mβCD 2.95 ± 0.72 3.45 ± 1.08 3.98 ± 0.99 4.19 ± 1.13 18.71 ± 2.52 Ld 21,168
DOPC + mβCD 2.63 ± 0.74 2.97 ± 0.73 3.39 ± 0.90 3.61 ± 0.94 16.96 ± 1.25 Ld 7056
DOPC:DPPC:Chol (5:5:2) 0.88 ± 0.40 1.03 ± 0.40 1.28 ± 0.50 1.50 ± 0.60 27.97 ± 2.10 Lo–Ld 38,697
DOPC:DPPC:Chol (1:1:1) 0.38 ± 0.10 0.45 ± 0.20 0.56 ± 0.20 0.69 ± 0.20 31.40 ± 3.00 Lo–Ld 19,182
DOPC:DPPC:Chol (1:1:2) 0.34 ± 0.10 0.45 ± 0.20 0.53 ± 0.20 0.64 ± 0.30 31.70 ± 2.90 Lo–Ld 9261
DOPC:DPPC:Chol (1:1:1) + mβCD 0.97 ± 0.20 1.24 ± 0.30 2.08 ± 0.50 2.86 ± 0.90 58.25 ± 8.80 So–Ld 7938
DOPC:DPPC (1:1) + mβCD 1.01 ± 0.40 1.21 ± 0.62 2.07 ± 0.62 2.66 ± 0.72 53.29 ± 7.45 So–Ld 7605
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obtained from a membrane spot (pixel) is the sum of characteristic dif-
fusions of each phase weighted with the fraction of respective mem-
brane area occupancy, the number and size of the domains, and the
partition coefﬁcient of the probe [47]. The membrane area occupied
by ﬂuid lipid is much higher than that of the gel lipid because of the
tight packing of the latter in an equimolar gel–ﬂuid bilayer. Moreover,
the number and size of the domains in a given gel–ﬂuid bilayer depends
on the domain boundary strength (line tension) originating from the
height mismatch between the lipids [48]. And the permeability of the
probe into and out of the gel domains depends on the physico-
chemical interaction of the probewith the different bilayer components
and the line tension arising from the height mismatch between the
phases [48–50]. Therefore, the experimental D is a function of the inter-
action of the probe with different phases and the line tension at the
phase boundary. Preferential interaction with one phase gives rise to
stronger probe partitioning into that phase which in turn contributes
stronger to the experimental D. Similarly, the higher the line tension,
the lower the permeability and thus one expects stronger mobility re-
tardation. D for DOPC:DPPC (1:1) is always larger than that of DLPC:
DPPC (1:1) at a given temperature (Fig. 3A and Table 1). While DLPC
has a saturated 12 carbon acyl chain, DOPC has a doubly unsaturated
16 carbon acyl chain. On the other hand, DPPC has a saturated 16 carbon
acyl chain. This is shown in their respective bilayer thickness values at a
given temperature (the reported bilayer thickness of DLPC andDPPC bi-
layers are 3.1 nm and 3.9 nm respectively at 323 K) [46]. This differ-
ence in chain lengths of the gel and ﬂuid lipids results in a larger line
tension for the DLPC:DPPC mixture compared to the DOPC:DPPC mix-
ture and thus a larger retardation of the overall lateral mobility in the
former mixture (Fig. 3A and Table 1). Since the D values of DOPC:
DPPC and DLPC:DPPC can be directly correlated to the height mismatch
(and thus line tension) at the domain boundary and RhoPE partitions
into both phases, we infer that line tension plays an important role on
the overallﬂuidity of the phase separatedmembrane. However,we can-
not rule out the effects of differential RhoPE partitioning in DOPC:DPPC
and DLPC:DPPC SLBs as a source of the observed differences. Note that
no visible phase separation was observed in any of the studied gel–Table 2
The temperature dependence of diffusion coefﬁcient of the live cell membrane. DT K is the diffu
number of autocorrelation functions analyzed to obtain mean and standard deviation of D at a
Cells D298 K [μm2/s] D302 K [μm2/s] D306 K [μm2/s] D31
SH-SY5Y 2.21 ± 0.71 2.32 ± 0.51 2.61 ± 0.79 2.88
HeLa 0.85 ± 0.23 1.07 ± 0.26 1.17 ± 0.31 1.33
Fibroblast 0.81 ± 0.28 0.96 ± 0.29 1.07 ± 0.26 1.30
HeLa 0.17 ± 0.08 0.23 ± 0.08 0.32 ± 0.11 0.38ﬂuid bilayers. This is expected since the bilayers were formed on glass
substrate and the chain length difference between the components
are not sufﬁcient to retain microscopic phase separation on glass
[51,52]. However, bothmixtures show similar temperature dependence
(almost same EArr) indicating the same phase (So–Ld) at the sub-
resolution regime (Fig. 3B and C; and Table 1). EArr for gel–ﬂuid bilayers
ismuch higher compared to ﬂuid bilayers. This goes alongwith their re-
spective free areas in a bilayer plane. Gel lipids reduce the free area due
to their very tight packing and gel domains hinder the free diffusion in
the surrounding ﬂuid lipid region. This explains both the signiﬁcant
drop in D and rise in EArr of DOPC:DPPC or DLPC:DPPC bilayers com-
pared to single component DOPC or DLPC bilayers. Notably, it takes 33
and 50 mol% of cholesterol and DPPC lipids, respectively, for an equal
reduction of diffusion coefﬁcient of DOPC at 298 K (Table 1). Themixing
of cholesterolwithDOPC causes a change in global order (DOPCwithout
cholesterol is completely disordered)while sub-resolution phase segre-
gation happens for the DOPC:DPPC mixture. This is supported also by
the entirely different temperature dependence of the two systems
(Figs. 2B and 3B).
3.1.4. Three component bilayers containing ﬂuid lipid, gel lipid, and
cholesterol (FGC)
This set of RhoPE labeled bilayers containsDOPC, DPPC andcholester-
ol. The temperature dependence of the diffusion is performed as a func-
tion of cholesterol content in a ﬁxedmolar ratio of DOPC:DPPC (1:1). The
diffusion coefﬁcient of DOPC:DPPC at 298 K does not change signiﬁcant-
ly when 17 mol% of cholesterol was added (1.02 ± 0.50 μm2/s and
0.88 ± 0.40 μm2/s respectively) (Fig. 3A and Table 1). In contrast, D
drops about 40% when the same amount of cholesterol was added
to the disordered DOPC bilayer at the same temperature (2.46 ±
0.90 μm2/s and 1.44 ± 0.59 μm2/s respectively) (Fig. 2A and Table 1).
This reveals a stronger intermolecular interaction of DPPC/cholesterol
compared to DOPC/cholesterol. Cholesterol has a ﬂat structure with a
small hydrophilic hydroxyl group at one end. DPPC having saturated,
ﬂat and rigid acyl chains shows more favorable van der Waals' interac-
tions with cholesterol compared to that of DOPC. Since the major contri-
bution of ﬂuidity arises from the Ld phase, which is not populated bysion coefﬁcient at T Kelvin. EArr is the Arrhenius activation energy barrier, and NACF is the
given temperature.
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Fig. 3. Temperature dependence of bilayer lateral diffusion, corresponding Arrhenius plots and the activation energies for two (containing gel and ﬂuid lipids) and three component (con-
taining gel and ﬂuid lipids and cholesterol) lipid bilayers. A) The variation of diffusion coefﬁcients as a function of temperature. At any given temperature DOPC:DPPC bilayer shows a
higher D than that of DLPC:DPPC bilayers revealing the stronger mixing of the latter. When cholesterol was added to DOPC:DPPC bilayers, D drops drastically at and above 33 mol% of
cholesterol. However when mβCD (a cholesterol removing agent) was added to the DOPC:DPPC:Chol bilayer, D increases to the similar value of DOPC:DPPC bilayers. B) The Arrhenius
plots for all the bilayers in ﬁgure A) are shown. DLPC:DPPC (solid circle), DOPC:DPPC (solid square), DOPC:DPPC:Chol (5:5:2) (open circle), DOPC:DPPC:Chol (5:5:5) (open square),
DOPC:DPPC:Chol (5:5:10) (open triangle), DOPC:DPPC:Chol (5:5:5) + mβCD (solid triangle), DOPC:DPPC + mβCD (solid diamond). The error bars for all the data points are not
shown for clarity of the ﬁgure. It is only shown for DOPC:DPPC:Chol (5:5:2) data and the errors of all other data points are some similar percentage to their respective averages. Bilayers
containing gel and ﬂuid lipids (DLPC:DPPC, DOPC:DPPC, andmβCD treatedDOPC:DPPC:Chol) show very strong temperature dependence (steep decline in Arrhenius plot)while the three
component bilayers containing cholesterol showweaker temperature dependence (gradual decline in Arrhenius plot). C) The EArr of the bilayers depicted in ﬁgure A) are shown. EArr for
gel–ﬂuid bilayers (DLPC:DPPC andDOPC:DPPC) are very high (N55 kJ/mol). On the other hand, the ‘ﬂuidizing effect’ of cholesterol on gel lipids induces Lo phase in the bilayer. This, in turn,
decreases EArr (~30 kJ/mol). On cholesterol depletion from the DOPC:DPPC:Chol bilayer, lipid packing spontaneously organizes to that of gel–ﬂuid mixture as evidenced in an increase in
both D and EArr.
808 N. Bag et al. / Biochimica et Biophysica Acta 1838 (2014) 802–813cholesterol at this concentration, D does not alter signiﬁcantly. Recently,
both coarse-grained and united-atom simulations, and X-ray scattering
experiments suggest cholesterol's preference for gel lipids over ﬂuid
lipids [53,54]. Interestingly, this association of cholesterol and DPPC
lipids is sufﬁcient to destroy the long range order of the latter as
shown in the temperature dependence of the system. The EArr
decreases dramatically as 17 mol% of cholesterol was added to DOPC:
DPPC bilayers (27.97 ± 2.10 kJ/mol and 57.75 ± 11.70 kJ/mol respec-
tively) (Fig. 3B and C; and Table 1). The disruption of long range order
induces a liquid ordered phase (DPPC + Chol). Now the system has
two liquid phases (DPPC + Chol and DOPC) (Fig. 6C). The boundary
tension of these two phases is smaller compared to a pure DOPC:DPPC
bilayers. The induction of an Lo phase by 17 mol% of cholesterol in an
So–Ld co-existent phase has also been previously reported [55]. When
the concentration of cholesterol increases, D decreases drastically
(Fig. 3A and Table 1). D drops about 56% when changing cholesterol
from 17 to 33 mol% (from 0.88 ± 0.40 μm2/s to 0.38 ± 0.10 μm2/s) at
298 K. This is quite similar to what was observed when 33 mol% of cho-
lesterol was added to DOPC bilayers at 298 K. As cholesterol content
increases, it starts populating the liquid disordered phase modifying its
molecular composition to DOPC + Chol (Fig. 6C). However, the activa-
tion energy hardly changes since the phases are not different. Evenhigher cholesterol content (50 mol%) alters neither the dynamics nor
its temperature dependence showing the saturation in the structural
properties of the phases as expected (Fig. 3A–C, Table 1) [54,56]. The
co-localization of cholesterol with different lipid species at 298 K is
shown in Fig. 4. It is noteworthy that the EArr order is FG N FGC N FC ~ F.
In summary, the same amount of cholesterol causes densiﬁcation with-
out any phase transition when added to DOPC bilayers (by inducing
trans conformation in the acyl chains rendering it more ordered) and
phase transition when added to DOPC:DPPC bilayers (by diminishing
the line tension in the phase boundary).
3.1.5. Membrane reorganization upon cholesterol extraction
Removal of cholesterol from DOPC:Chol bilayers (FC) by mβCD re-
stores the mobility without changing EArr (Fig. 2A–C and Table 1). The
D of the cholesterol depleted DOPC:Chol bilayer however was slightly
higher than that of the native DOPC bilayer (2.95 ± 0.72 μm2/s and
2.46 ± 0.90 μm2/s, respectively at 298 K). This might be an effect of
the complex interaction of mβCD with bilayers other than just choles-
terol extraction (for instance, phospholipid extraction, etc.) [57]. None-
theless, an unaltered EArr supports the inference that all these bilayers
remain in the same Ld phase regardless of cholesterol content. This ob-
servation matches with NMR results [31]. The unaltered EArr rules out
low c
holes
terol
high cholesterol
Fig. 4. Concentration dependent location of cholesterol in DOPC:DPPC:Chol bilayers at 298 K. Cholesterol preferentially co-localizes with DPPC lipids at low concentrations (17 mol%)
while it is also distributed into DOPCphases at high concentration (N33 mol%). Notably, cholesterol is able to induce liquid ordered phase by disrupting the long range order inDPPC lipids
even at low concentration while being partitioned preferentially in the DPPC phase.
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extracted from DOPC:DPPC:Chol bilayer (FGC), the diffusion coefﬁcient
increaseswith concomitant increase in activation energy (Fig. 3A–C and
Table 1). BothD at a given temperature and EArr after cholesterol remov-
al are quite similar to those of DOPC:DPPC bilayers (Table 1). This im-
plies complete phase reorganization. We also performed mβCD
treatment on DOPC and DOPC:DPPC bilayers as negative controls.
They do not show any signiﬁcant difference in either D at a given tem-
perature or EArr of the respective systems. Therefore the change in EArr
of FGC bilayers upon cholesterol removal is truly because of phase reor-
ganization. Itwas previously reported thatmβCD preferentially extracts
cholesterol from the Ld phase in giant unilamellar vesicles (GUVs) [58].
However, we did not see any indication of this preference. Had choles-
terol been extracted only from the Ld phase, we would not have ob-
served the spontaneous phase change implicated by EArr and the
recovery of D. This apparent ambiguity seems to originate from the
size of the domains in the GUV and SLB as the authors from the ear-
lier study also speculated [58]. The domains in GUVs are large and
optically visible while those on the currently studied bilayers are
smaller than the optical resolution limit. Small domains are more
relevant to the biological systems and mβCD extracts cholesterol
from the entire plasma membrane without any preference for the
Ld phase in this case. However, the percentage of cholesterol removal
depends on the concentration of mβCD and the incubation time
[57,59].
3.2. Temperature dependence of live cell membrane diffusion
The temperature dependence studies were extended to live cell
membranes. Three commonly used cell lines, namely HeLa, SH-SY5Y
neuroblastoma, and WI-38 ﬁbroblast cells, were investigated. DiI was
used as Ld phase marker. The diffusion of SH-SY5Y membrane is much
faster compared to the other two cell lines under identical experimental
conditions (Fig. 5A and Table 2). For example, diffusion coefﬁcient of DiI
in SH-SY5Y is 2.88 ± 0.61 μm2/s while those in HeLa and WI-38 are
1.33 ± 0.34 μm2/s and 1.30 ± 0.34 μm2/s respectively at 310 K. More-
over, the temperature dependence of DiI diffusion in SH-SY5Y cell is
quite different from either HeLa or WI-38 cells (Fig. 5B and C, Table 2).
The EArr values for the Ld phase are: SH-SY5Y (17.76 ± 1.61 kJ/mol),
WI-38 (29.52 ± 4.18 kJ/mol), and HeLa (27.80 ± 4.58 kJ/mol). This
shows that the membrane composition of the cells induces quite
different dynamical behavior even within the Ld phase. Recently
the heterogeneity in lateral dynamics across a range of eukaryotic
cell membranes are shown by confocal FCS based diffusion time
distribution analysis (DDA) [60]. It is indeed known that HeLa
cells have very high protein content in the plasma membrane
while WI-38 cells have large raft fractions [61]. We then measured
the temperature dependence of GFP–GPI diffusion in HeLa cells.
GFP–GPI is a Lo marker. Here a very strong temperature dependence
(EArr = 52.68 ± 3.79 kJ/mol) is observed as anticipated. Interest-
ingly, the ratio of EArr for Lo and Ld in HeLa cells is similar to that
obtained from bilayer measurements (Tables 1 and 2).3.3. Characterization of phase organization by FCS diffusion law
FCS diffusion law analysis describes the nanoscopic organization in
membranes [39,62]. In this analysis, the diffusion time (τd) acrossmem-
brane area is plotted as a function of the membrane area. The intercept
(τ0) of the diffusion law plot provides information about the type of
membrane dynamics which correlates with the nanoscale structure.
For free diffusion, τd scales linearly with the observation area on the
membrane giving rise to a zero intercept in the FCS diffusion law plot.
A positive intercept implies that the diffusion is hindered by energy bar-
riers, e.g. membrane domains. In this case, probe molecules are tran-
siently conﬁned inside the domains due to dynamic partitioning
across an energy barrier. FCS diffusion law analysis gives a positive
intercept if the probemolecule partitions into two phases having differ-
ent diffusion coefﬁcients. Therefore, probe partitioning plays a crucial
role on the outcome of FCS diffusion law analysis. For impermeable
physical obstacles as present in a meshwork, the diffusant is allowed
tomove freely inside amesh but it has to jump over themesh boundary
tomove to the neighboringmesh. The FCSdiffusion lawplot gives a neg-
ative intercept in this situation.
FCS diffusion law analyses give zero intercepts (within the theoretical
limit suggested in [42]) for all single component (F) and two component
bilayers containing ﬂuid lipid and cholesterol (FC) at all temperatures.
This is in accordance with the temperature dependence studies which
show that all these bilayers are in the Ld phase. For two component bilay-
ers containing gel and ﬂuid lipids (FG), a strictly positive intercept
(0.245 ± 0.086 s) is observed at 298 K revealing the existence of do-
mains while it is less positive (0.147 ± 0.067 s) at 313 K (Fig. 6A and
B). This is expected since RhoPE partitions into both So and Ld phases
which differ in ﬂuidity. The positive intercept obtained from a So–Ld
bilayer is in good agreement with the recent Z-scan FCS study on
RhoPE labeled SLBs [63]. Note that the theoretical limit of the imaging
FCS diffusion law intercept for free diffusion is ±100 ms under the
current imaging condition [42]. Contrary to our results, Favard et al. ob-
tained negative intercept for So–Ld bilayer [64]. The ambiguity between
the results seems to arise from the differentmembranemodels and ﬂuo-
rescent probes used in their experiments. Favard et al. used
multilamellar vesicles (MLVs) labeled with either C5 Bodipy PC which
is known to partition into the Ld phase, or Atto647 head labeled PE.
The size and other physical properties of membrane phases and dye
partitioning differ among different membranes [50,65]. The decrease of
magnitude of the intercept is also reasonable since domainsmelt on tem-
perature rise and the phases become more similar. The melting of
domains relaxes the compactness of the So phase along with the usual
high density ﬂuctuations at high temperature. This combined effect
leads to a strong temperature dependence of the FG bilayers as shown
earlier (Fig. 3B and C; and Table 1). The existence of very small domains
(b100 nm) in a DOPC:DPPC bilayer at ambient temperature was earlier
observed by super-resolution imaging [66]. For three component bilay-
ers (FGC), we observe very interesting features in FCS diffusion law anal-
ysis. At low cholesterol content (17 mol%), the intercept is slightly
negative with very high standard deviation (−0.135 ± 0.102 s) at
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Fig. 5. Temperature dependence of lateral diffusion, corresponding Arrhenius plots and the activation energies in different live cell membranes. Both the liquid ordered phase (Lo) and
liquid disordered phase (Ld) are probed by speciﬁc markers GFP–GPI and DiI-C18, respectively. A) Temperature dependence shows that the ﬂuidity of the Ld phase at a given temperature
is much higher for SHSY-5Y cells compared to HeLa or ﬁbroblast cells. The diffusion coefﬁcient of the Ld phase is about 3.5 times higher than that of the Lo phase at physiological temper-
ature (310 K). B) The Arrhenius plots clearly showdifference in the slopes for Ld phases between SH-SY5Y andHeLa/ﬁbroblast cells. The error bars for all the data points are not shown for
clarity of the ﬁgure. It is only shown for ﬁbroblastmembrane data and the errors of all other data points are some similar percentage to their respective averages. The Lo phase, on the other
hand, showsmuch stronger temperature dependence compared to the Ld phase as expected. C) The activation energy for lipid diffusion in themore compact Lo phase is higher than that of
the Ld phase.
810 N. Bag et al. / Biochimica et Biophysica Acta 1838 (2014) 802–813298 K and zero (−0.028 ± 0.036) at 313 K (Fig. 6B). Given that theD of
DOPC:DPPC:Chol (5:5:2) and DOPC:DPPC (1:1) are almost the same at
298 K, the intercepts are quite different. This also suggests a difference
in membrane phase. As the cholesterol content increases (33 mol%),
we observe a strictly negative intercept (−0.492 ± 0.223 s) at 298 K
which increases towards less negative values (−0.206 ± 0.118 s) at
313 K (Fig. 6A and B). The different organizational features in FG and
FGC bilayers, as depicted in the sign of diffusion law intercepts, can be
explained from the physical properties of the membrane. Notably we
observed a negative intercept for the Lo–Ld phase co-existence. This
is in contrast to the usually observed positive intercept for Lo–Ld
partitioning in the case of lipid rafts in plasma membranes [39,67]. This
apparent discrepancy can be addressed in the following manner. The
phase separation is stabilized by the line tension at the domain boundary
arising from signiﬁcant height differences between the phases in FG
bilayers [48]. Note that the domains in the FG bilayers studied here are
smaller than the diffraction limit unlike DLPC:DSPC bilayers [38]. This is
because of very high line tension domains in DLPC:DSPC bilayers arising
from the large difference in the phase heights.When 17 mol% cholester-
ol is added to theDOPC:DPPCbilayer, the height difference decreases due
to the interaction of cholesterol with DPPC (Figs. 4 and 6C). The loss in
height difference decreases the line tension which makes the diffusion
more free even at 298 K. Similar effects are observed in cholesterol-
free DOPC:DPPC bilayers when the temperature increases as discussed
earlier. At higher concentration, cholesterol becomes sufﬁciently abun-
dant in the Ld phase at 298 K (Table 1). This diminishes the line tension
making the phasesmore similar (Fig. 6C). However, the persisting height
difference maintains the Lo–Ld phase coexistence. Under this scenario,
one would expect the diffusion to be random and thus τ0 to be zero.
However, this intriguing deviation can be addressed by considering the
fact that the decrement in line tension makes the domains shrink in
size, irregular in shape, and larger in population [48,68]. These verysmall domains are themselves mobile and their irregular shape and
high abundance could possibly form dynamic physical obstacles for the
diffusion of the probemolecule unlike the static domains in the FG bilay-
ers (Fig. 6D and E). These dynamic domains would then be responsible
for the negative values as any organizational scenario that gives rise to
a meshwork-like structure would have a negative intercept in the FCS
diffusion law [64]. As temperature increases the diffusion becomes
more normal. Overall, the FCS diffusion law analyses indicate that the
line tension in the domain boundary plays a crucial role in membrane
organization. The live cell membrane organization as a function of tem-
perature is also studied by FCS diffusion law analysis. The zero intercepts
obtained for DiI in HeLa cell membranes at all temperatures infer free
diffusion throughout the Ld phase. For GPI as the temperature increases
the intercept becomes less positive (intercept = 3.96 ± 0.17 s and
1.19 ± 0.11 s respectively at 298 K and 310 K) (Fig. 7A and B). This
monotonic drop is due to domainmelting at high temperature as expect-
ed. The intercept for the raft partitioning of GPI is about 50–400 times
higher compared to previous reports by spot variation-FCS (sv-FCS)
[67] and stimulated emission depletion-FCS (STED-FCS) [69]. The differ-
ence in the absolute values is largely due to the limitation of the pixel size
and the frame rate of the camera used in this study. Sankaran et al.
showed that the intercept values can be reduced by reducing pixel size
[42]. However, the signal to noise also decreases with pixel size, which
makes FCS measurements very noisy. Therefore, the intercept value for
GFP-GPI expressed cell obtained here can be taken as the calibration
standard of raft dynamics studied for imaging FCS diffusion law per-
formed by the current instrumental set-up.
In summary, we show that membrane phases can be correctly
distinguished from the temperature dependence of their respective
lateral dynamics. The organization of the plasmamembrane is balanced
by the circumstantial co-clustering of cholesterol with the available
lipids in a given membrane composition. Furthermore, line tension in
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Fig. 6. FCS diffusion law analysis of themembrane dynamics of supported lipid bilayers at different temperatures. A) Representative FCS diffusion law plots for the FG and FGC bilayers at
298 K and 313 K are shown. The positive intercept of DOPC:DPPC bilayer at 298 K diminishes towards zero at 313 K. The negative intercept of DOPC:DPPC:cholesterol bilayer at 298 K also
increases towards zero at 313 K. B) The distribution of intercepts for different FG and FGC bilayers are shown. C) The schematic of change in the height difference between the phases in
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4. Conclusion
In this report, we studied the temperature dependence of diffusion
of supported lipid bilayers exhibiting the three most relevant phases
aswell as of live cellmembranes.We show that the temperature depen-
dence of membrane dynamics which is parameterized by the Arrhenius
activation energy barrier (EArr) is a useful tool to explore plasma mem-
brane phase behavior. Compact membrane phases show stronger tem-
perature dependence and thus have a higher EArr. The EArr for So–Ld and
Lo–Ld phases are about 2.5 and 1.7 times higher, respectively, than that
of the Ld phase. The signiﬁcant differences in the EArr values across the12
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Fig. 7. FCS diffusion law analysis of themembrane dynamics of HeLa cells at different temperatu
at 298 K and 313 K are shown. GPI always show strict positive intercepts while the intercepts fo
phases. B) The temperature dependence of the FCS diffusion laws intercepts is shown. The inter
at 310 K reveals the existence of a signiﬁcant amount under domains at physiological conditiophases thus provide a way to study membrane organizationwhich can-
not be imaged by conventional microscopy. Therefore, EArr can be used
as a determinant for sub-resolution phase organization. It is also shown
that cholesterol mixes with both ﬂuid and gel lipids. However, it shows
preference to gel lipids over its ﬂuid counterpart in a mixture. Further-
more, 17 mol% cholesterol is sufﬁcient to introduce a Lo phase in a
mixed So–Ld phase. The novel integration of the FCS diffusion law in
ITIR-FCS allows us to observe the detailed structural organization in
the membrane. We show that the decrease in line tension causes the
formation of small andmobile domainswhich eventually act as physical
barriers for diffusion. On the other hand, temperature induced domain
melting can be tracked by themodulation of the FCS diffusion law inter-
cept in both model and plasma membranes. Thus the study of temper-
ature dependence of membrane diffusion by ITIR-FCS in conjunction4
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res. A) Representative FCS diffusion law plots for DiI (Ld marker) and GFP–GPI (Lomarker)
r DiI are always zero. This reveals the free and hindered diffusions respectively in Ld and Lo
cept gradually decreases at the temperature increase. However, a strict positive value even
ns.
812 N. Bag et al. / Biochimica et Biophysica Acta 1838 (2014) 802–813with the FCS diffusion law is an elegant method to decipher dynamic
membrane organization. It will be interesting to observe the change in
membrane phases via EArr and the FCS diffusion law upon external per-
turbations by pharmacological drug treatments, heat shock, membrane
active proteins, or non-lipid additives in the future.
Supplementary data to this article can be found online at http://dx.
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